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Optimal concentration of cellular free calcium for AVP-induced cAMP
in collecting tubules. The role of Ca2 in the cellular action of arginine
vasopressin (AVP) has been demonstrated in renal papillary collecting
tubule. We further examined whether an optimal concentration of
cellular free Ca2 ([Ca2]i) exists for AVP-induced cAMP production in
rat renal papillary collecting tubule cells in culture. [Ca2]i was mea-
sured using fura-2. When cells were exposed for one hour to the media
supplemented with 0 mri Ca2 (containing I mp,i EGTA), 1, 2, 3, 4, 6.4,
or 8 mai Ca2, basal [Ca2)i ranged as below: 24.9 5.6, 90.7 7.4,
107.4 9.8, 146.1 13.7, 162.0 14.6, 241.5 32.8, and 234.9 29.6
nM, respectively. When medium Ca2 was I ms, I x l0- M AVP
increased [Ca2]i to 181.5 13.2 n from 90.7 7.4 nM (P < 0.01).
AVP-induced increases in [Ca2]i were obtained with the varying Ca2
media described above, though the increases in [Ca2}i were quantita-
tively variable. AVP-induced cellular cAMP production was examined
during three minute incubation period in the presence of 5 x lO M
3-isobutyl-1-methylxanthine. Basal level of cellular cAMP was 87.6
7.9 fmo1Ig protein. After exposing for one hour to the media containing
the varying Ca2 as described above, cellular cAMP levels in the
presence of! x l0- M AVP was 107.9 11.6 (0 mp.i Ca2 in medium),
175.6 14.1 (1 mM Ca2), 198.8 9.8(2 mat Ca2), 134.4 10.2(3mM
Ca2), 175.3 21.1 (4mM Ca2), 146.7 13.8 (6.4 mat Ca2), and 59.5
9.5 fmol/sg protein (8 mat Ca2), respectively. When the [Ca2ji was
between 90.7 and 162.0 nat, the cAMP response to AVP was maximal.
Similar results were obtained with I x l0- M AVP. Cells were
incubated with 2 >< 10 M Ca2 ionophore ionomycin for one hour, and
then [Ca2Ii elevated to 675.8 93.7 nM. In this condition [Ca2Ii
increase in response to I x l0— M AVP disappeared totally. Cellular
cAMP levels in the presence of 1 x IO and I x l0- M AVP were
112.5 3.6 and 206.0 14.4 fmolItg protein respectively, values
significantly less than 215.0 9.3 and 506.3 33.5 fmolIg protein of
the control groups. These results therefore indicate that there is an
optimal concentration of [Ca2}i for AVP-induced cAMP production in
renal papillary collecting tubule cells.
We have demonstrated that arginine vasopressin (AVP) in-
creases cellular free Ca2 concentration ([Ca2ii) and adeno-
sine 3', 5'-cyclic monophosphate (cAMP) production, mediated
through V2 receptors, in renal papillary collecting tubule cells
[1]. Also, extracellular Ca2 modulates the cellular action of
AVP to produce cAMP and water permeability in toad urinary
bladder [2—5], renal slices [6, 7], isolated renal tubules [8, 9],
and renal ascending limb of Henle and papillary collecting
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tubule cells in culture [1, 10]. It is known that Ca2 acts at
multiple sites including regulation of adenylate cyclase, phos-
phodiesterase as well as at post-cAMP events to regulate AVP
action [11]. When we focused the process of cAMP production
in response to AVP, there is an optimal concentration of
extracellular Ca2 to modulate the AVP action in renal papil-
lary collecting tubule cells [1], renal slices [6], and toad urinary
bladder [3]. Additionally, calmodulin stimulates cellular cAMP
production in response to AVP [12—14]. However, controversial
results were also reported in the literature showing that extra-
cellular Ca2 inhibits the cellular action of AVP [15—18],
particularly on cAMP production [16, 17]. In the latter group of
studies [16, 17] the concept of the inhibition by Ca2 of the AVP
action to produce cAMP was based on the finding with use of
Ca2 ionophore. Our preliminary study showed that Ca2
ionophore markedly elevated [Ca2]i [1]. In contrast, a Nat,
K-ATPase inhibitor ouabain, and depolarizing agents veratri-
dine and 60 mr't KCI increased [Ca2]i approximately 1.5-fold
above the control value, and these three agents remarkably
enhanced AVP-induced cellular cAMP production [19, 20]. Our
observation as well as an existing controversy relative to the
role of Ca2 in the mechanism of AVP action prompted us to
investigate the relationship between [Ca2]i and AVP-stimu-
lated cellular cAMP production.
The present study was undertaken to determine whether an
optimal concentration of [Ca2]i exists for AVP-induced cAMP
production in renal papillary collecting tubule cells in culture.
In addition, we examined if Ca2 ionophore ionomycin affects
AVP-induced increases in [Ca2]i and cAMP production.
Methods
Cell culture
The experimental procedure was similar to that of our previ-
ous studies [13, 21], modified from the study of Grenier, Rollins
and Smith [22]. Male Sprague-Dawley rats weighing 150 to 175
g were decapitated, and the abdomen was rinsed with 1% iodine
in 70% ethanol. Under sterile condition the abdominal wall was
cut, and both kidneys were removed and placed in 20 ml sterile
Krebs-Ringer buffered saline (KRB; pH 7.4). Eight kidneys
from four rats were grouped together, and two or three groups
were prepared at each time. Renal papillary tissues were
carefully dissected out and minced with I ml collagenase (1
mglml; type II, Worthington Biochemicals, Freehold, New
Jersey, USA) using a sharp blade. The minced renal papillary
tissues were transferred into culture tubes (15 ml culture tubes;
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Corning Glassworks, Corning, New York, USA) containing 3
ml collagenase (1 mg/mI) and kept at 37°C in a humidified
incubator for 1.5 hours. During this incubation period the tubes
were gently shaken every 30 minutes to resuspend the precip-
itated tissues. Distilled water (3 ml) was added to the tubes to
produce hypotonic disruption of the red blood cells. The
suspension was drawn up and down a pipette to break any
tissue clumps before the tubes were centrifuged at 500 x g for
four minutes at room temperature, and the supernatants were
removed by aspiration. The pellets were resuspended in 10 ml
10% BSA (Sigma Chemical Co., St. Louis, Missouri, USA),
dissolved in KRB, and centrifuged as described above. After
aspiration of the supernatants the pellets were resuspended in
Dulbecco's modified Eagle's minimal essential medium
(DMEM; Flow Laboratories, McLean, Virginia, USA) supple-
mented with 10% fetal bovine serum, penicillin (100 U/mi), and
streptomycin (100 g/ml), which has an osmolality of 600
mOsm/kg H20 by the addition of NaCi and urea in a molar ratio
of 1:2 [21]. The dispersed cells and tubular fragments were
plated in a total of 72 or 108 wells of 24-well tissue culture
clusters (Costar, Cambridge, Massachusetts, USA) with 0.5 ml
DMEM containing 10% fetal bovine serum, penicillin and
streptomycin and kept in a humidified incubator under 95% air
and 5% CO2. On day 2 of culture the medium was changed to I
ml 99% DMEM containing 1% fetal bovine serum, insulin (5
g/ml, Sigma), transferrin (5 g/ml, Sigma), hydrocoi-tisone (5
x 10 M, Calbiochem-Boehringer, La Jolla, California, USA),
T3 (S X 10—8 Sigma), penicillin (100 U/mI), and streptomycin
(100 tg/ml), with an osmolality of 600 mOsmlkg H20, as
described above. The cultured cells were subjected to the
following studies on day 5 of culture.
In a study of measurements of cellular free Ca2 concentra-
tions the cells were cultured on 14 x 30 mm thin glass slides
(Matsunami, Osaka, Japan) in 35-mm petri dishes (Corning).
The other experimental procedure was similar to that described
above.
Cellular cAMP production
The experimental procedure was similar to our previous
reports [13, 211. The cells were rinsed twice with 1 ml KRB
containing 0.8 m'vi Ca2 that has an osmolality of 600 mOsm/kg
H20 by the addition of NaCl and urea in a molar ratio of 1:2
[21], and preincubated for at least one hour with one of the
varying concentration of medium Ca2 (0, 1, 2, 3, 4, 6.4, or 8
mM), or 2 x 108 or 2 x 106 M ionomycin (Calbiochem-
Boehringer). Ca2-free medium contained 1 mM EGTA. lono-
mycin was dissolved in demethyl sulfoxide (DMSO) and then
diluted with hypertonic KRB. The cells were rinsed and then
incubated in a humidified incubator at 37°C for 3 or 10 minutes,
with I x io— or 1 X io M AVP (grade VI, Sigma) together
with 5 x i0 M 3-isobutyl-1-methylxanthine (Nakarai Bio-
chemicals, Tokyo, Japan) in I ml of similar medium during the
preincubation. 3-Isobutyl- 1-methylxanthine inhibits phosphodi-
esterase activity. Control experiments were performed in the
same manner with the vehicle for AVP. Also, we examined a
part of the study mentioned above in the absence of 3-isobutyl-
1-methylxanthine. One x l0 and 1 x IO— M AVP were
chosen for submaximal and maximal stimulatory concentration,
respectively, according to our previous report [131. The three
minute incubation period was chosen because the early phase of
AVP-induced increase in [Ca2]i lasted only two to three
minutes [1], and we would focus the relation between the early
phase of Ca2 mobilization and cAMP production in response
to AVP. The 10 minute incubation period was chosen because
of the maximal effect of AVP on cAMP production [13], when
both intracellular and extracellular Ca2 mobilize in response to
AVP (1]. After the incubation period the AVP solution was
removed by aspiration, and the cells were immediately im-
mersed in 0.2 ml 0.1 N HCI to stop the reaction. They were then
collected into glass tubes (6 x 50 mm) with a rubber policeman.
The cells were boiled for three minutes, and after centrifuging
the tubes at 2,500 x g for 15 minutes at room temperature the
supernatants were carefully decanted, and 0.05 ml 50 mr'i
sodium acetate was added. The supernatants were kept at
—20°C until the time of assay for cAMP. Cyclic AMP was
measured by RIA using Yamasa cAMP kits (Choshi, Japan)
[23]. The pellets were kept at 4°C until the time of assay for
protein. Protein was measured by the method of Lowry et al
[24].
Measurements of cellular free Ca2 concentration
The experimental procedure was similar to our previous
paper [1]. The cells were rinsed twice with 3 ml hypertonic
KRB containing 1 m'vi CaCl2, and loaded with 5 M fura-2-AM
(Dojin Biochemicals, Kumamoto, Japan) in I ml hypertonic
KRB for 60 minutes. After aspiration of KRB containing
fura-2-AM, the glass slides were rinsed and then placed in a 1 X
1 cm quartz cuvette containing 3 ml hypertonic KRB at 37°C in
a fluorescence spectrophotometer (Ca2-Analyzer, CAF-l00,
Japan Spectrometer Co., Tokyo, Japan). A dual wavelength
excitation method for measurement of fura-2 fluorescence was
carried out, The fluorescence was monitored at 500 nm, with
excitation wavelengths of 340 and 380 nm in the ratio mode. The
effectors were added after a stable fluorescence was achieved.
Basal and hormone- and ionomycin-stimulated peak values
were obtained. Autofluorescence of the cells were negligible,
because the intensity of the fluorescence of fura-2 in the cells
was more than 10 times stronger than the autofluorescence of
the cells at a wavelength of 340 nm. None of the experimental
manipulation produced significant changes in autofluorescence
in untreated cells not loaded with fura-2-AM. From the ratio of
fluorescence at 340 and 380 nm [Ca2]i was determined, as
described by Grynkiewicz, Poenie and Tsien [25], using the
following expression:
R-Rmin
[Ca2]i (nM) = Kd x x pRmax - R
where R is the ratio of fluorescence of the sample at 340 and 380
nm, and Rmax and Rmin represent the ratios for fura-2 free acid
at the same wavelengths in the presence of saturating Ca2 and
in nominally zero Ca2, respectively. The ratios of Rmax and
Rmin are determined for a sample of fura-2 free acid introduced
into the spectrofluorometer under the assumption that intracel-
lular fura-2 possesses properties identical to those of fura-2 in
solution. Rmax and Rmin are measured in reference standard
solutions containing 5 M fura-2, 115 mi KC1, 20 m NaCI, 10
mM MOPS, and 1 mivi MgCl2 (pH 7.05) at 37°C with excess (2
mM) CaCI2 or 10 mivi EGTA [25]. The term 13 is the ratio of
fluorescence of fura-2 at 380 nm in zero and saturating Ca2t Kd
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Figure 1 shows basal [Ca241i in renal papillary collecting
tubule cells after one hour exposing to media containing varying
Ca2 from zero m to 8 m. When medium Ca2 was 1 mM,
[Ca2]i was 90.7 7.4 nM. If cells were pretreated with
Ca2-free medium containing 1 mM EGTA, [Ca2]i decreased
to 24.9 5.6 nM. In contrast, [Ca21ii elevated to 241.5 32.8
; 8 flM and 234.9 29.6 nM in cells pretreated with medium
supplemented with 6.4 and 8 mM Ca2, respectively. Additional
study was performed with ionomycin. [Ca2]i markedly in-
creased to 675.8 93.7 n when cells were exposed for one
hour to 2 x 106 M ionomycifl.
Fig. 1. Cellular free Ca2 concentrations (1 Ca2 'fl) in renal papillary
collecting tubule cells after one hour exposure to medium containing
varying concentration of Ca2 ranged from 0 to 8 mM. Ca2-free
medium contained 1 mr.,t EGTA. Symbols (,0) show the [Ca2]i in
cells pretreated with 2 x i0 and 2 x 10_6 M ionomycin, respectively.
N = 6 to 8. Data are presented as mean SEM.
is the dissociation constant of fura-2 for Ca2, assumed to be
224 flM at 37° C [25].
Measurement of cellular ATP
The experimental procedure was similar to our previous
report [26]. Briefly, cultured cells grown on 24-well tissue
culture clusters were incubated for one hour with 1 ml KRB
containing varying medium Ca2 as described above. They
were rinsed twice with 1 ml 20 mivi Tris buffer (pH 7.7),
immersed in 1 ml boiled Tris buffer and collected into glass
tubes. They were then boiled for three minutes and kept at 4°C
until the time of assay. The cellular content of ATP was
measured by bioluminescent analysis using luciferine and lu-
ciferase [27]. The reaction was performed with 0.2 ml unknown
sample and 0.2 ml luciferine and luciferase mixture (Sai Tech-
nology, San Diego, California, USA). Luminescence was
counted 15 seconds later for 6 seconds at 560 to 580 nm with an
ATP photometer (Sai Technology Co.). Using this method,
counts were linearly correlated with logarithmic doses of ATP
from 10 nglml to 0.1 mg/mI.
AVP has been demonstrated to increase [Ca2]i in a dose-
dependent manner in renal papillary collecting tubule cells [1].
Table 1 shows AVP-induced increases in [Ca2ii in cultured
cells pretreated with varying concentration of medium Ca2.
One X 10 M AVP produced significant increases in [Ca2]i at
each condition, and the greater increases in [Ca2}i in response
to AVP seemed to be found when the higher medium Ca2 was
used. The rise in [Ca2'ii in response to AVP was prompt and
[Ca]i returned to basal level within a few minutes. The time
course of [Ca211i augmentation in response to AVP was thus
quite similar to our previous report [1]. The response of [Ca2]i
to AVP was totally different in cells exposed to ionomycin from
that in the intact cells. As shown in Figure 2, AVP did not
increase [Ca2]i at all in cells exposed to 2 x 10_8 or 2 x l0_6
M ionomycin.
Figure 3A depicts the relationship between the AVP-induced
cellular cAMP production and basal [Ca2]i in renal papillary
collecting tubule cells in culture. AVP has been demonstrated
to increase cellular cAMP production in a dose-dependent
manner [13]. The present study was performed in the cells
pretreated with either of media containing varying Ca2, rang-
ing from 0 to 8 m as described above, and the cells were
incubated with AVP for an additional three minutes. Both I x
1O and 1 x lQ— M AVPsignificantly increased cellular cAMP
production in any group of cells except for the group of cells of
350
300
Table 1. Effect of varying concentrations of medium Ca2 on the
increases in [Ca2}i in response to 1 x 1O MAVP in rat renal
papillary collecting tubule cells in culture
676±94
+
[Ca2]i (nM)
P
Extracellular Ca2 N Basal AVP value
0 mMa 6 24.9 5.6 76.5 13.4 <0.01
1 mM 8 90.7 7.4 181.5 13.2 <0.01
2 ms'i 6 107.4 9.8 179.0 14.5 <0.01
3 mM 6 146.1 13.7 303.1 58.0 <0.05
4 mM 6 162.0 14.6 285.5 46.2 <0.01
6.4 mM 6 241.5 32.8 443.9 76.7 <0.01
8 mrvi 6 234.9 29.6 352.1 40.0 <0.01
a The medium contained 1 mi EGTA, but not Ca2t
I
I
100
50
0
Statistics
All values of cellular cAMP, [Ca2'ii and ATP were compared
by Scheffe's analysis of multiple variance and Student's t-test.
[Ca2}i values were also compared within groups by Student's
t-test. All values are means SEM. A P value less than 0.05 was
considered significant.
Results
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which [Ca2]i was 234.9 29,6 flM. The increments in cAMP
production in response to 1 x i09 and I X i0 M AVP were
maximal when the [Ca2]i ranged from 90.7 7.4 to 162.0
14.6 nt.t. If [Ca2]i was 24.9 5.6 nM, or more than 234.9
29.6 ni, the increment in AVP induced cAMP production was
markedly depressed. We have had similar relationship between
the AVP-induced cellular cAMP production and the AVP-
induced peak [Ca2]i (Fig. 3B). In addition, similar pattern was
obtained with basal cAMP levels (closed circles). When the
study of cAMP production was carried out in the absence of
3-isobutyl-1-methylxanthine, the values were five- to eightfold
less than those in its presence. In the absence of 3-isobutyl-
l-methylxanthine, similar tendency was obtained if cells were
exposed to the varying medium Ca2 ranging from 0 to 8 mM
(data not shown).
Also, the relationship between the AVP-induced cellular
cAMP production and basal [Ca2}i is shown in Figure 4, in
which the study of cAMP production was carried out with the
10-minute incubation period. Basically, the patterns of basal
and AVP-induced cAMP production were similar to those in
Figure 3A, that is, when the [Ca2]i ranged from 90.7 to 162.0
nM the increments in AVP-iriduced cAMP production were
maximal.
Figure 5 depicts the effect of ionomycin on cellular cAMP
production in response to AVP in renal papillary collecting
tubule cells in culture. As shown previously, 1 x l0 and 1 X
l0 M AVP significantly increased cellular cAMP production.
When cells were pretreated with 2 x 10_s M ionomycin for one
hour, the cAMP response to I X l0— and 1 X i0 M AVP
remained unchanged. However, if cells were exposed for one
hour to 2 x 106 M ionomycin, the AVP-produced cAMP levels
were markedly depressed. The cellular cAMP levels in re-
sponse to 1 x l0 and 1 x l0 M AVP were 112.5 3.6 and
206.0 14.4 fmol/g protein per three minutes, respectively,
which were values significantly less than those in the intact cells
(P < 0.01). Also, the basal level of cAMP was significantly
lower than that in the intact cells. The data obtained with 2 x
l0 M ionomycin are put into Fig. 3A, residing the right lower
quadrant space (as shown by marks 0,0, ).
We studied the effect of ionomycin in cells pretreated with
Ca2-free medium containing 1 x l0 M EGTA for 60 minutes.
[Ca2]i rose during the initial two to three minutes, followed by
the sustained decrease. Basal [Ca2]i was 22.9 4.2 nM (N =
6) and it gradually decreased toward nominally zero n during
the 60-minute observation period. After an hour exposure of
cells to Ca2-free medium containing 1 x io M EGTA and 2
x 106 M ionomycin for 60 minutes, basal cAMP level was 69.8
3.5 fmol/sg protein/3 mm, and 1 x l0 and 1 >< i0 M
AVP-induced cAMP levels were 51.1 6.6 and 97.1 7.2
fmo1/g protein/3 mm, respectively. Thus the cAMP production
was markedly depressed as compared to that in the intact cells.
Cellular ATP contents after an hour exposure of cells to
varying medium Ca2 are shown as below; 38.6 2.4 (0 mrvi
Ca2), 39.9 3.0(1 mivi Ca2), 41.3 2.1 (2 mis'i Ca21), 38.6
2.5 (3 mivi Ca2), 41.1 2.1 (4 mivi Ca2), 39.6 2.1 (6.4 mM
Ca2), and 36.9 2.9 ig ATP/mg protein (8 mr'i Ca2). Each
group had six observations. There was no significant difference
among any group of cells.
Discussion
We have already demonstrated that AVP produces the in-
creases in both cellular free Ca2 concentration and cAMP
production in renal papillary collecting tubule cells [1]. The
Ca2 mobilization by AVP is mediated through the V2 recep-
tors, similar to an activation of adenylate cyclase by AVP.
Similar observation was reported in the isolated papillary
collecting tubule by Star et al [28]. Cellular free Ca2 mobili-
zation depends on both intracellular and extracellular Ca2
pools [1]. Also, extracellular Ca2 pool modulates the cellular
action of AVP to produce its own second messenger cAMP [1,
3, 5—7, 10, 11]. In fact, reduced uptake of cellular Ca2
markedly blunted cellular cAMP production in response to
AVP. Ouabain, veratridine and 60 mi KCI increase [Ca2]i
approximately 1.5-fold slowly and progressively during the 60
minute observation period, of which Ca2 mobilization is
totally dependent on the extracellular Ca2 pool. All three of
these agents significantly enhanced AVP-induced cAMP pro-
duction [19, 201. Additionally, calmodulin, which interacts with
Ca2 in the cells to form an active complex of Ca2 tcalmodulin,
stimulates cellular cAMP production in response to AVP [12—
14].
The present study was further undertaken to determine
whether an optimal concentration of [Ca2]i exists for AVP-
induced cAMP production in renal papillary collecting tubule
cells in culture. AVP-induced cellular cAMP production is quite
dependent on the [Ca2]i, that is, the cAMP response to AVP
was maximal when the basal [Ca2]i were between 90.7 and
162.0 nM. If the [Ca2]i was more or less than the above values,
the increment in AVP-induced cAMP production was markedly
blunted. Such biphasic pattern is similar to that observed in the
relationship between extracellular Ca2 levels and cAMP pro-
duction in response to AVP [1]. Also, the relationship between
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Fig. 2. Effect of ionomycin on A VP-induced increase in cellular free
Ca2 concentration ([Ca2Ji) in rat renal papillary collecting tubule
cells. Medium Ca2 was 1 mivi, and cells were preincubated for one
hour with ionomycin. Symbols are: basal [Ca2]i (LJ) and 1 x l0
M AVP-induced [Ca211i (). N = 8.
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Fig. 3. The relationships between basal [Ca27i and the A VP-induced cellular cAMP production (A) and the A VP-induced [Ca2 *ii and the
A VP-induced cAMP production (B) in renal papillary collecting tubule cells in culture. Cells were incubated with AVP for 3 minutes. Closed circles
(•) show basal cAMP levels vs. [Ca2]i. Open circles (0) and closed triangles (A) show 1 x i0 and I x i0 M AVP-induced cellularcAMP
levels vs. [Ca2]i, respectively. The marks (0, 0, ) depict basal, 1 x l0 and I x l0 M AVP-induced cellular cAMP levels vs. [Ca2]i in cells
pretreated with 2 x 1O_6 M ionomycin. N = 6.
the AVP-induced cellular cAMP production and the AVP-
induced peak [Ca21i was obtained. There was no difference in
the relationship whether the incubation period for cAMP pro-
duction study was 3 or 10 minutes.
As mentioned above, biochemical approaches have demon-
strated that extracellular Ca2 modulates AVP-induced cAMP
production in the toad urinary bladder, renal slices, isolated
renal tubules, and cultured renal tubular cells [1, 3, 5—7, 10, 11].
Controversial results, however, were also reported in the
literature showing that Ca2 inhibits the cellular action of AVP
to produce cAMP [16, 17]. This controversy may have resulted
from the use of Ca2 ionophore. The studies documenting the
inhibitory effect of Ca2 have made their final conclusion by the
results of Ca2 ionophore study. In the present study we used
ionomycin as a Ca2 ionophore instead of A23 187, because
A23 187 has autofluorescence and interferes with the measure-
ment of [Ca2]i by fura-2. Two x 106 M ionomycin increased
basal [Ca2]i markedly, a level higher than those in cells
pretreated with medium containing 6.4 to 8.0 mivi Ca2. In this
condition both AVP-induced increases in [Ca21i and cAMP
production totally disappeared. The studies using Ca2 iono-
phore thus are similar to the study using excess Ca2 in
medium. The concentrations of A23 187 reported previously by
other investigators [16, 17, 29] were 2 x lO_6 to 5 x 10 M, and
Ca2 ionophore markedly inhibits the action of AVP. Such
concentrations of A23 187 were at least equal or higher than the
concentration of 2 x 106 M ionomycin we have used. The
previous studies [16, 17, 291 thus may be dependent on the
excess Ca2 condition. Also, unidentified effect of ionomycin
could not be ruled out, because low dose of ionomycin totally
blocked the rise in [Ca2]i in response to AVP, but did not alter
the response of cAMP production to AVP. lonomycin did not
affect both [Ca2]i and cAMP production in cells pretreated
with Ca2-free medium containing 1 x iO EGTA. The
present study clearly demonstrated the optimal concentration
of cellular free Ca2 for the cellular action of AVP in renal
papillary collecting tubule cells. There is no controversy about
the effect of Ca2, because the studies using Ca2 ionophore
[16, 17, 29] might shift the [Ca2]i to abnormally high level,
which inhibits the cellular action of AVP.
Frindt, Windhager and Taylor [18] reported the inhibitory
effect of Ca2 on AVP action and the result was based on the
study using Nat-free medium. We also examined the [Ca2]i
after cells were exposed to Na-free, choline-repleted medium.
The [Ca2]i remarkably increased to 302.9 53.5 nM (N = 6)
and 1 x l0- and 1 x l0 M AVP-induced cAMP production
was significantly blunted (unpublished observation). This find-
ing suggests that the inhibition of Na-free condition of cellular
cAMP production depends upon excess Ca2, as we mentioned
above.
The Nat, KtATPase inhibitor ouabain, and the depolarizing
agents veratridine and 60 mrvi KCI augment basal and AVP-
induced cAMP production in renal papillary collecting tubule
cells in culture [19, 20]. This augmentation of cellular cAMP
production in response to AVP depends upon the extracellular
Ca2, particularly on cellular Ca2 uptake. In these studies
[Ca2]i increased to 140 to 160 n one hour after the adminis-
tration of ouabain, veratridine or 60 mM KCI. If these points
were put into Figure 4, such increases in [Ca2]i were within
the optimal concentration as evaluated in the present study.
There is no difference in cellular ATP contents among any
group of cells exposing to the varying medium Ca2. The
pattern of AVP-induced cAMP production in the absence of
3-isobutyl-1-methylxanthine seems likely to be that in its pres-
ence, though the magnitude was quite small. As we have used
3-isobutyl-1-methylxanthine in the present study, change in
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Intracellular free Ca concentration, 7M
Fig. 4. The relationship between basal [Ca2 Ji and the A VP-induced
cellular cAMP production in renal papillary collecting tubule cells in
culture. Cells were incubated with AVP for 10 minutes. Closed circles(•),open circles (0), and closed triangles (A) show basal, 1 x l0- and
1 x iO M AVP-induced cellular cAMP levels vs. [Ca2]i, respec-
tively. N = 6.
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Fig. 5. Effect of ionomycin on cellular cAMP production in response to
AVP in renal papillary collecting tubule cells in culture. Symbols are:
control group (Ll), 2 x 10—8 M ionomycin-treated group (),and 2
x 106 M ionomycin-treated group (). N = 6. Data are presented as
mean SEM.
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